Developmental neurotoxicity is any toxic effect on the developing nervous system interfering with normal nervous system structure or function before or after birth and can be associated with neurodevelopmental disorders such as autism, attention deficit disorder, mental retardation and cerebral palsy. Currently, developmental neurotoxicity testing relies heavily on neurobehavioral and neuropathological studies in rodent models; however, an existing backlog of chemicals lack appropriate neurotoxicity information due to the low throughput nature and subsequent high cost of in vivo animal testing. Alternative models have been developed to replace rodent models (including non-mammalian models, brain slice culture, and primary and transformed cell models) though limitations to increasing throughput and reproducibility remain. In this review, we focus on the use of human pluripotent stem cells as a cell source for in vitro chemical screening. Pluripotent stem cell-based assays are derived from a virtually unlimited and uniform cell source making studies highly reproducible and relatively low cost compared to rodent models. Moreover, directed differentiation to distinct neural lineages, including neurons and astrocytes, provides isogenic, precise and tunable cell mixtures to mimic in vivo brain composition for high throughput screening. Thus, human pluripotent stem cell-derived neural models are poised to vastly increase throughput and decrease costs for developmental neurotoxicity screening.
Introduction
The pre-and post-natal brain is highly vulnerable to external insults from environmental factors, including some which have been linked to the development and progression of various central nervous system (CNS) disorders 1 . The resulting mental deficits, such as autism, learning disabilities and developmental delays, are likely due to a continuum of exposure during specific windows of susceptibility (WOS) in early human development 1 . Currently, little data exists relative to the vast number of chemicals and agents humans are exposed to either chronically (e.g. additives in manufacturing or agriculture), in specific geographic regions (e.g. air or water supply contamination) or during a given temporal period (e.g. chemical spills, smoking while pregnant). Developmental neurotoxicity (DNT) is a blanket term for any acute or chronic exposure to an agent during the course of CNS development causing an adverse outcome either immediately or later in life 2 .
Proper CNS development requires the precise spatial and temporal coordination of cell division, migration, differentiation and maturation, spanning almost the entire rostrocaudal axis of the human embryo 3 . Human CNS development begins with the specification of the neuroectodermal plate, which folds to form the neural tube at approximately three weeks gestation 3 . Failure of the neural tube to close results in anencephaly or spina bifida 4 . Upon closure of the neural tube, cells are patterned based on their spatial position and divide and differentiate into the highly interconnected and interdependent regions of the human CNS. The CNS is still undergoing programmed changes even as late as adolescence, when synaptic pruning emphasizes certain neuronal pathways while deemphasizing others 5 and faulty synaptic pruning has been strongly linked to autism 6 . Thus, the overall WOS for DNT spans well over a decade: from the beginnings of in utero development (e.g. spina bifida) up until pubescence (e.g. autism spectrum disorder), including the possibility that some insults may persist "silently" into adulthood, manifesting as Parkinson's or Alzheimer's disease 7 . It is therefore critical that appropriate models are developed which can mimic specific WOS and the human condition in a high-throughput, rapid and cost-effective manner.
Human pluripotent stem cells (PSC) can be expanded without limit in culture while remaining pluripotent, and offer a potential new tool for improved understanding of chemically-induced adverse reactions on neural development. Human PSC can theoretically become any cell in the body through biologically relevant signaling and follow a similar chronology. Therefore, the differentiation process is capable of modeling almost any stage of development, including WOS identified as critical to DNT. The advent of induced pluripotent stem cell (iPSC) technology, patient-specific iPSC can be differentiated to neural stem cells (NSC), neurons, and astrocytes. These derived cells not only offer a source of isogenic cell types 8 , but also enable the inclusion of cellular diversity for neurotoxicity screens 9 .
Neural stem cells can be isolated and expanded as an enriched population for DNT study
Human NSC isolated from neural rosettes can be maintained in culture with little to no phenotypic variation for extended periods of time thus providing an unlimited source of cells for DNT assays 10 . Self-renewal of human NSC are facilitated by multiple signaling pathways, including leukemia inhibiting factor (LIF) and fibroblast growth factor 2 (FGF2) 11 . These cells demonstrate an increased proliferation rate when LIF and FGF2, both individually and in combination, are added to growth medium 12 . The role of FGF2 is critical to NSC maintenance as it plays two distinct roles during early embryonic neural specification: early, it induces a ''pro'' neural state, then later it both promotes NSC proliferation (maintenance of the cell cycle) while antagonizing bone morphogenetic protein (BMP) to stabilize neural identity 13, 11 . LIF enhances in vitro survival of human embryonic stem cell-derived NSC by reducing caspase-mediated apoptosis and both spontaneous and H 2 O 2 -induced reactive oxygen species 14 . LIF has been shown to bind the heterodimeric receptor of leukemia inhibiting factor receptor (LIFR) and glycoprotein 130 (gp130) 14 . Activation of gp130 is accompanied by the recruitment of activated signal transducer and activator of transcription 3 (STAT3) and subsequent activation of the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) and extracellular signal-regulated kinases (ERK) pathways, all of which are involved in the promotion of neuronal cell division and migration 15 .
The balance between survival and apoptosis during development helps regulate the size and shape of the nervous system. Insults to the expansion periods of NSC in vivo can cause devastating downstream effects later in development 16 . Human NSC have been utilized as an in vitro model to mimic critical aspects of progenitor cell function and to interrogate the disruption of these processes. For example, NSC are reproducibly susceptible to a set of known neurotoxic chemicals as is evident by caspase-3/7 activity and are suitable for future early-stage DNT testing 17 .
Thus, NSC could serve as an in vitro platform for DNT endpoints linked to the key processes of brain development including cell proliferation, migration, neurite outgrowth and neuronal/glial differentiation in neurotoxicity screens. Chemicals that interact with the cell cycle, cytoskeleton or calcium signaling would preferentially induce cellular changes, such as in proliferation and neurite outgrowth, associated with different WOS.
Neurite outgrowth assays used in DNT studies
Neurite outgrowth is a fundamental process of neuronal development, requiring membrane expansions and cytoskeletal dynamics 18 . The growth of axonal and dendritic processes (collectively called neurites) during brain development is a critical determinant of neuronal connectivity and disruption of this process can lead to cognitive deficits 19 . Recent advances in automated highcontent neurite outgrowth screening have been adapted for several cell lines, demonstrating neurite outgrowth assay efficacy for large scale screening and reliable data output.
Individual neurons extend a set of neurites that follow chemical guideposts toward appropriate target regions. Specifically, neurite outgrowth is controlled by complex interactions between adhesion molecules and their receptors, the cytoskeleton, intracellular calcium concentrations, and second messenger systems including protein kinases and phosphatases, making this process susceptible to a wide variety of insults 20, 21 . Nerve outgrowth is led by the growth cone, the most distal structure to the cell body, which moves by the elongation and contraction of microfilament-containing filopodia known as microspikes 22 . Disruption of actin in microspikes inhibits further advancement of the dendrites and axon 23 . Axons in the developing neuron may extend for several feet prior to synapse formation 23 . The axonal structure is both supported and mediated by microtubules while the apical shape is changed by microfilaments 24 .
Harrill and coworkers (2010) characterized the morphological phenotype of human NSC-derived neurons cryopreserved at 14 days post-FGF2 withdrawal for use in an automated high-content image analysis assay to measure neurite outgrowth in vitro 25 . At 24 hours post-plating, these neurons expressed protein markers indicative of a neuronal phenotype, including Nestin, TUJ1, microtubule-associated protein 2 (MAP2), and phosphorylated neurofilaments. Concentration-dependent decreases in neurite outgrowth and ATP-content were observed following treatment with bisindolylmaleimide I (Bis-1) as well as other inhibitors 25 .
In another study, neurite outgrowth measurements indicated the same cell types were more sensitive than rat cortical cultures to chemicals previously shown to inhibit neurite outgrowth 26 . Thus, neurite outgrowth in differentiating NSC represents a sensitive endpoint for non-cytotoxic agent exposure and is capable of predicting low dose neurotoxicity and interspecies differences 26, 27 . A recent study in our lab indicates neurite outgrowth of cryopreserved NSC-derived neurons can detect neurotoxic effects of chronic low-level exposure with higher sensitivity than high-level acute exposure for Bis-1, testosterone, and β-estradiol 28 .
After two weeks exposure, we demonstrated that neurite outgrowth is inhibited by Bis-I at non-cytotoxic exposure levels after 14 days. This is one example in which neurite outgrowth and maturation were combined to assess chronic exposure neurotoxicity during an early WOS, spanning maturation of human NSC toward neurons 28 . Taken together, neurite outgrowth assays on NSC-derived cells are a highly sensitive endpoint capable of recapitulating both acute and chronic exposure during the biologically relevant periods of initial neurogenesis and neuronal maturation.
Importance of astrocytes and their derivation from NSC by epigenetic modulation
The human brain consists of more than 10 11 neurons associated with over 10 12 glial cells 29 . These glial cells maintain homeostasis in the brain by providing neurons with energy and substrates for neurotransmission 30 . Among the glial cell population, astrocytes are now considered far more active than were previously thought and are powerful instructors of synapse formation, function, plasticity and elimination, both in health and disease 31 . Astrocytes secrete many neuroprotective factors including nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) 32 . Additionally, astrocyte-sourced non-diffusible proteins, such as N-cadherin, NCAM, and integrins, can stabilize neurons.
Another important function of astrocytes is active detoxification of xenobiotics. In the brain, astrocytes express various cytochrome P450 (CYP) enzymes 33 , much like the liver. These enzymes are reported to be active at relatively high levels in astroglial cells and may play a critical role in the biotransformation of endogenous or exogenous compounds after they cross the blood-brain barrier 34 . However, biotransformation of xenobiotics can also yield toxic reactive metabolites. For example, primary cultures of mouse brain astrocytes showed that one nearly universally expressed CYP isoform altered the toxic bioactivation of the anticonvulsant drug phenytoin, indicating the critical role of astrocytes in future DNT and drug development studies 33 .
Normally, human NSC are resistant to astrocytogenesis and show a strong neurogenic bias, similar to NSC from the early embryonic CNS 11, 35 . Notably, several astrocytic loci are hypermethylated in human NSC, including a critical CpG site within the STAT3 recognition sequence in the promoter for the astrocytic marker glial fibrillary acidic protein (GFAP) 35 . However, after epigenetic modulation, NSC express prominent astrocytic markers in as little as five days of differentiation under BMP and LIF conditions 35 
.
In conjunction with demethylating agents, LIF signaling activates the downstream janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway, which is then able to bind the newly demethylated CpG site in the GFAP promoter 36 . BMP contributes to the expression of astrocyte-specific genes via the downstream formation of a SMAD1/STAT complex 36 . Therefore, it is possible to selectively generate either neurons or astrocytes from the same progenitor source in a rapid manner. Additionally, the derivation and subsequent maintenance of astrocytes utilize the same basal media as neuronal cultures thus making both cell types amenable to co-culture 35, 37 .
A murine astrocyte-neuron co-culture model has previously demonstrated the impact of secreted astrocytic factors on neurons including neuronal survival, synapse formation, and plasticity 38 . As noted, NSC-derived astrocytes and neurons would facilitate a limitless, lineage-restricted cell source for the generation of neuronal subtypes and supporting glial cells for high-throughput DNT screening 39 . Additionally, stem cell-derived models reduce uncertainty in toxicity testing caused by extrapolation of data derived from animal tissue to humans 25 . Unlike primary cultures that contain multiple cell types that may vary widely among cell preparation made from tissues, NSC -derived astrocyteneuron co-culture models can be maintained at a defined (and thus reproducible) ratio of the two populations, mimicking in vivo cellular composition and interaction 37 . Defined ratios of human astrocytes-neuron co-culture DNT assays may be more physiologically relevant to human CNS cell composition and function than mixed cultures or solely neuronal cell cultures 37 . Thus, a DNT co-culture of human origin would be of great importance to the field, advancing efforts towards obtaining rapid and reliable DNT data from an in vitro CNS model (Figure 1 ).
Conclusions
Animal models are the current gold standard to test chemicals of unknown potency for harmful effects during developmental neurotoxicity windows of susceptibility. However, in vivo animal models are unsuitable for screening large numbers of chemicals due to high cost, low throughput, and disparities between rodent and human development. Therefore, an urgent need exists for the development of alternative test systems that will allow for faster and more cost-efficient testing of chemicals for DNT. Rodent primary cells isolated from brain tissue represent the appropriate in vivo milieu for DNT screening, yet these methods are plagued by inconsistency and a lack of species specificity. Although immortalized cell lines are of human origin, they also have their own inconsistencies and drawbacks. Therefore, hPSC-derived cell lines provide a major DNT testing advantage given their capacity for self-renewal and ability to generate the major cell types of the nervous system similar to those in vivo. Neurite outgrowth is a fundamental process of CNS development and can serve in vitro as a highly sensitive endpoint amenable to high content and throughput screening, with the potential to identify and evaluate developmental neurotoxicity and predict adverse outcomes. Because of their potentially unlimited capacity for proliferation and directed differentiation towards defined cell types, NSC are an emerging model that will bolster existing rodent studies and streamline testing on novel agents while maintaining species specificity with high reproducibility. However, the two-dimensional (2D) model platform still meets some limitation compared to three-dimensional (3D) cell culture systems since almost all cells in the in vivo environment are surrounded by other cells and extracellular matrix (ECM) in a 3D fashion. 2D cell culture does not adequately account for the natural 3D environment of cells. 3D cell culture system has gained increasing interest in drug discovery and tissue engineering due to its evident advantages in providing more physiologically relevant information and more predictive data for in vivo tests 40 .
In one such study, human PSC-derived endothelial cells, mesenchymal stem cells, and microglia/macrophage precursors, NSC self-assembled in vitro into 3D neural constructs with diverse populations. These 3D constructs also underwent dramatic changes in cell number, overall size, and morphology during differentiation and maturation 41 . In the future, a reproducible 3D model would be suitable for predicting toxicities for chemicals that target a wide range of interactions important to brain development. 
